This study presents the first direct comparison of immediate serial recall in semantic dementia (SD) and transcortical sensory aphasia (TSA). Previous studies of the effect of semantic impairment on verbal short-term memory (STM) have led to important theoretical advances. However, different conclusions have been drawn from these two groups. This research aimed to explain these inconsistencies. We observed (a) qualitative differences between SD and TSA in the nature of the verbal STM impairment and (b) considerable variation within the TSA group. The SD and TSA patients all had poor semantic processing and good phonology. Reflecting this, both groups remained sensitive to phonological similarity and showed a reduced effect of lexicality in immediate serial recall. The SD patients showed normal serial position effects; in contrast, the TSA patients had poor recall of the initial list items and exhibited large recency effects on longer lists. The error patterns of the two groups differed: the SD patients made numerous phoneme migration errors whereas the TSA group were more likely to produce entire words in the wrong order, often initiating recall with terminal list items. The SD cases also showed somewhat larger effects of word frequency and imageability. We propose that these contrasting performance patterns are explicable in terms of the nature of the underlying semantic impairment. SD is associated with anterior lobe atrophy and produces degradation of semantic knowledge-this is more striking for less frequent/imageable items, accentuating the effects of these lexical/semantic variables in STM. SD patients frequently recombine the phonemes of different list items due to the reduced semantic constraint upon phonology (semantic binding: Patterson, K., Graham, N., & Hodges, J. R. (1994) . The impact of semantic memory loss on phonological representations. Journal of Cognitive Neuroscience, 6,[57][58][59][60][61][62][63][64][65][66][67][68][69]. In contrast, the semantic impairment in TSA follows frontal or temporoparietal lesions and is associated with poor executive control of semantic processing (deregulated semantic cognition: Jefferies, E., & Lambon . Semantic impairment in stroke aphasia vs. semantic dementia: a case-series comparison. Brain, 129, 2132-2147), explaining why these patients are liable to recall entire words out of serial order.
Introduction
Verbal STM is supported by multiple levels of representations utilised in language production and comprehension, including long-term knowledge of the sounds and meanings of familiar words. This lexical/semantic contribution explains why normal immediate serial recall (ISR) is better for (1) words vs. nonwords (e.g., Brener, 1940; Hulme, Maughan, & Brown, 1991;  referred to as the effect of ''lexicality'' below); (2) high compared with low frequency words (Gregg, Freedman, & Smith, 1989; Hulme et al., 1997; Roodenrys & Quinlan, 2000; Watkins & Watkins, 1977) ; (3) imageable/ concrete words vs. abstract words (Bourassa & Besner, 1994; Walker & Hulme, 1999) ; and (4) semantically grouped vs. ungrouped words (Poirier & Saint-Aubin, 1995; Saint-Aubin & Poirier, 1999) .
Neuropsychological studies have provided a particularly striking demonstration of the importance of word meaning in verbal STM. Patients with both stroke aphasia and semantic dementia (SD) have been used to study the effect of semantic impairment on ISR. However, investigations of these two groups have proceeded in parallel and have focussed on different issues, giving rise to distinct theories about the way in which long-term linguistic knowledge contributes to verbal STM (e.g., Martin & Saffran, 1997; Patterson, Graham, & Hodges, 1994) . Martin and Saffran (1997) examined 15 stroke aphasic patients with semantic and/or phonological processing impairments. Poor semantic processing was associated with reduced effects of imageability in ISR, whereas poor phonological processing was associated with increased imageability effects (correlations with word frequency largely failed to reach significance). Semantic and phonological deficits also had differential effects on the shape of the serial position curve: the semantically impaired stroke aphasic patients showed poorer recall of items at the beginning of lists (reduced primacy effect), whereas the phonologically impaired patients showed poorer recall of items toward the end of the lists (reduced recency effect; see also Martin & Saffran, 1990) .
These findings were interpreted within Dell and O'Seaghda's (1992) interactive activation (IA) model of word production. By this view, verbal STM results from temporary activation within phonological, lexical and semantic nodes (see also Martin & Ayala, 2004; Martin & Gupta, 2004) . The maintenance of this activation is dependant on interactions between these processing levels-patients with lexical-semantic deficits have diminished semantic feedback to the phonological layer and so do not show the normal ISR advantage for imageable words, while those with phonological problems rely on this feedback more strongly and show enhanced imageability effects. Serial position effects can also be explained within this model: the initial words in a list accumulate the greatest amount of semantic feedback before recall because it takes time for activation to spread from the phonological units to the semantic units and back again. Items towards the end of lists receive less semantic support but their recall is boosted by the fact that activation in the phonological units has less time to decay.
Martin and colleagues also suggested that the phonological and semantic contributions to verbal STM are dissociable in stroke aphasia (Martin & Lesch, 1996; Martin, Lesch, & Bartha, 1999; Martin, Shelton, & Yaffee, 1994) . These studies found similar results to those described above. Patients with semantic STM problems (as revealed by poor category probe performance but relatively intact functioning on a similar rhyme probe task) showed normal effects of phonological similarity and recency but a reduced influence of lexicality and primacy in ISR, whereas patients with poor retention of phonological information displayed the opposite pattern (Martin et al., 1994) . These deficits were argued to reflect damage to semantic and phonological STM stores. Recent research has suggested that a failure of inhibition may lie at the heart of the semantic STM deficit (Hamilton & Martin, 2005) .
Studies of verbal STM in patients with SD have had a rather different focus. Rather than concentrating on the influence of lexical/semantic variables and serial position effects in ISR, this research has explored the way in which word meaning supports phonological coherence. SD causes a highly specific degradation of amodal conceptual representations impairing performance across verbal and nonverbal domains (Bozeat, Lambon Ralph, Patterson, Garrard, & Hodges, 2000) . Other aspects of language and cognition are spared (Hodges, Patterson, Oxbury, & Funnell, 1992; Snowden, Goulding, & Neary, 1989) . SD patients produce fluent, well-formed sentences and continue to perform well on phonological tasks (Jefferies, Jones, Bateman, & Lambon Ralph, 2005; Jefferies, Patterson, Bateman, Jones, & Lambon Ralph, 2006) . However, they make frequent phoneme order errors in ISR and consequently their word span is severely impaired. Phonemes typically migrate to the same syllable position in a neighbouring word, for example, ''mint, rug'' fi ''rint, mug'' (Patterson et al., 1994) . This phonological breakdown is more severe for words that are poorly understood compared with those that are still comprehended relatively well, even when word frequency is matched (Jefferies, Jones, Bateman, & Lambon Ralph, 2004; Jefferies et al., 2005; Jefferies, Patterson, Jones, Bateman, & Lambon Ralph, 2004a; Knott, Patterson, & Hodges, 1997 , 2000 . This strong association between semantic impairment and phonological disintegration in ISR led Patterson et al. (1994) to suggest that there are two sources of constraint on phonology. First, because the elements of a word are always activated together, they become associated in the phonological system which can then develop pattern completion properties. In addition, every time a word is spoken or comprehended, semantic activation co-occurs with phonological activation. Consequently, semantic-phonological interaction provides another strong constraint on phonological coherence (referred to as ''semantic binding'' below; see also Jefferies, Frankish, & Lambon Ralph, 2006) .
These theories all suggest a close relationship between verbal STM and speech processing. The IA and ''semantic binding'' hypotheses both propose that verbal STM is underpinned by phonological and semantic representations that are employed in language processing more generally. They also agree that there is strong interactivity between phonology and semantics. There is an implicit assumption that ''semantic impairment'' in SD and stroke aphasia should produce similar patterns of deficits on ISR tasks (see Martin & Saffran, 1997) . However, a review of the existing literature suggests that there may be some differences in the way that semantic impairment affects ISR in SD and stroke aphasia (see Table 1 ) which are problematic for the theoretical accounts discussed above.
(1) Aphasic patients with semantic impairment show weakened effects of lexical/semantic variables in ISR, as predicted by the IA model (Martin & Saffran, 1997) . In contrast, although SD patients show reduced effects of lexicality on ISR (Jefferies et al., 2005) , they show robust effects of word frequency (the evidence for imageability is more mixed; Knott et al., 1997; Knott, Patterson, & Hodges, 2000; Majerus, Norris, & Patterson, 2007; McCarthy & Warrington, 2001; Reilly, Martin, & Grossman, 2005) .
(2) The semantic deficits in SD and aphasia have different effects on the shape of the serial position curve. Semantic impairment in aphasia is associated with poorer recall of the initial portion of the list, in line with the IA model (Martin & Saffran, 1997 ). In contrast, SD patients have either relatively normal serial position curves characterised by both primacy and recency effects or, for more semantically impaired patients, negligible recency effects despite substantial primacy effects (Jefferies, Jones et al., 2004; Knott et al., 1997) .
1 SD patients also show parallel serial position curves for ''known'' and ''semantically degraded'' words (Jefferies, Jones et al., 2004; Knott et al., 1997) . These findings challenge the view that word meaning disproportionately influences the initial part of the serial position curve. (3) According to the semantic binding hypothesis, word meaning helps to prevent phonemes from breaking apart and recombining with the elements of other list items (Patterson et al., 1994) . In contrast, the IA model does not propose a special role for word meaning in preventing phoneme migrations in ISR-rather, feedback from semantics helps to overcome rapid phonological decay (Martin & Saffran, 1997) . Although SD patients make frequent phoneme migration errors when recalling lists of semantically degraded words, it is not clear if semantic impairment in aphasia reliably produces phoneme migrations in ISR.
In summary, the AI and semantic binding hypotheses both seek to explain the effect of semantic impairment on verbal STM but they make different predictions and receive support from different patient groups. We propose that these contrasting theories reflect the diverse ways in which semantic cognition is impaired in stroke aphasia and SD . Comprehension problems in these groups arise from different areas of brain damage: SD cases have focal atrophy of the inferior, anterior temporal lobes bilaterally (Mummery et al., 2000; Nestor, Fryer, & Hodges, 2006) , while semantic impairment in stroke aphasia follows infarcts in either temporoparietal or prefrontal regions in the left hemisphere (e.g., Berthier, 2001; Chertkow, Bub, Deaudon, & Whitehead, 1997) .
One way in which the semantic deficit might differ between these groups was suggested by Martin and Gupta (2004) : poor comprehension in stroke aphasia might reflect rapid decay within semantic-lexical connections, rather than degradation of conceptual knowledge itself (as in SD). Although aphasic patients with lexical and/or phonological problems might be specifically impaired at verbal semantic tasks, many stroke aphasic patients (including the patients with transcortical sensory aphasia/TSA studied here) fail both verbal and nonverbal semantic tasks (e.g., De Renzi, Faglioni, Reilly et al. (2005) observed negligible primacy effects in two of their five SD cases and more normal serial position curves for the remaining three patients. The first two patients also showed reduced profusion in frontal as well as temporal cortical regions (unlike those with more normal primacy effects). In the general discussion, we consider the view that prefrontal regions make a critical contribution to the recall of serial order. Scotti, & Spinnler, 1972; Gainotti, Miceli, & Caltagirone, 1979; Gainotti, Silveri, Villa, & Caltagirone, 1983; Saygin, Dick, Wilson, Dronkers, & Bates, 2003; Spinnler & Vignolo, 1966) . This pattern of deficits cannot be explained in terms of a disconnection between semantic and lexical representations.
An alternative view is that when multimodal comprehension problems occur in stroke aphasia (as opposed to difficulties confined to verbal tasks), this impairment reflects a breakdown in the executive processes that help to direct and shape linguistic and semantic activation in a task-appropriate fashion . The prefrontal cortex and temporoparietal junction are thought to form a single distributed system underpinning cognitive control (see Collette, Hogge, Salmon, & Van der Linden, 2006; Peers et al., 2005) . Damage to this cognitive control system would have profound consequences for performance on both semantic and verbal STM tasks. In semantic association tasks, for example, executive control is required to select the aspects of knowledge that are relevant to establishing a link between the probe and target. Similarly, in ISR, it is necessary to direct activation away from the most recently presented items and towards items that were presented earlier in the sequence, in order to recall items in serial order. Patients with SD, in contrast, are thought to have a gradually degrading store of semantic knowledge, in line with the hypothesis that the anterior temporal lobes act as a ''convergence zone'' for the formation of amodal semantic representations (see Rogers et al., 2004) . This loss of semantic information in SD might disrupt the coherence of word forms in ISR (in line with the semantic binding hypothesis), but should not prevent activation from being appropriately directed towards the phonological segments that were presented at the beginning of the list.
Evidence for this distinction comes from a recent case-series comparison of patients with multimodal semantic problems following stroke aphasia and SD . The SD patients showed strong correlations between different semantic tasks-regardless of input/output modality-and substantial consistency when a set of items was assessed several times. They were also highly sensitive to frequency/ familiarity, made coordinate and superordinate semantic errors in picture naming and were insensitive to cueing, pointing to a graded loss of amodal semantic knowledge (see also Bozeat et al., 2000; Rogers et al., 2004) . In contrast, patients with stroke aphasia (including the TSA cases in the current study) were inconsistent across tasks requiring different types of semantic processing: they were able to retrieve the information appropriate for one semantic test but were unable to reshape this information for another task, even when the same concept was being tapped. They were also insensitive to familiarity/frequency-instead, tests of semantic association were influenced by the ease with which relevant semantic relationships could be identified and distractors rejected. The stroke aphasic patients' comprehension impairment was exaggerated when small sets of semantically related items were presented rapidly and repeatedly, producing strong competition with the target response (Jefferies, Baker, Doran, & Lambon Ralph, 2007) . In addition, unlike SD patients, the aphasic patients made picture naming errors that were associatively rather than categorically related to the target (e.g., squirrel fi ''nuts''; glass fi ''ice''; lorry fi ''diesel''). These errors were apparently driven by strong but irrelevant semantic associations. The aphasic patients were highly responsive to phonemic cueing in picture naming presumably because the cues boosted activation of the target word relative to semantically related competitors (Jefferies, Corbett, Hopper, & Lambon Ralph (submitted for publication-a)). All these features are consistent with a semantic control deficit: indeed, semantic difficulties were concomitant with executive impairment in the aphasic group (see also Baldo et al., 2005; Wiener, Connor, & Obler, 2004) . In contrast, nonverbal reasoning was largely intact in the SD group.
It is important to establish whether comprehension impairment in SD and stroke aphasia affects verbal STM in the same way because differences between the patient groups would motivate a major revision of the neuropsychologically inspired models described above (i.e. the inclusion of executive control processes). Yet ISR has never been directly compared in SD and stroke aphasia. The interpretation of the existing literature is also complicated by important methodological differences between the studies of SD and stroke aphasia. SD patients have intact phonology-i.e. they do well on tests requiring phonological judgements, do not make phonological errors in picture naming or spontaneous speech and have normal digit span (at least until the late stages of the disease; Jefferies et al., 2005) . Consequently, it is appropriate to test their ISR using lists of four or five items. In contrast, aphasic participants often have a mixture of phonological and semantic deficits, much poorer ISR than is typical in SD and are asked to repeat very short lists-typically single items or pairs of items (see Martin & Saffran, 1997) . This difference alone might affect the impact of semantic impairment on verbal STM (see Forde & Humphreys, 2002) .
Although SD patients apparently always make frequent phoneme migration errors in ISR (Jefferies et al., 2004a) , little is known about variability between comprehension-impaired stroke aphasic patients. Previous studies have typically only described one or two aphasic cases selected on the basis that they show interesting STM phenomena (e.g. Martin & Lesch, 1996; Martin et al., 1999 Martin et al., , 1994 . The study by Martin and Saffran (1997) did report data from a larger group of aphasic patients but focussed on correlations between verbal STM and semantic/phonological impairment making it difficult to consider the extent of individual differences.
In summary, current theories of the role of lexical/ semantic knowledge in verbal STM would expect (a) similar effects of comprehension impairment on ISR in SD and stroke aphasia and (b) the predicted pattern of ISR impairment to be observed universally within each of these groups. There are indications from the current literature, however, that this may not be the case. Accordingly, the current study directly compared ISR in SD and TSA. If differences between these two patient groups are confirmed, then hypotheses such as the IA model (Martin & Saffran, 1997) and the semantic binding theory (Patterson et al., 1994) will require modification. We opted to examine TSA cases (as opposed to semantically impaired stroke aphasic cases with poorer repetition, e.g. patients with Wernicke's aphasia) because the TSA patients had a language profile similar to that seen in SD: i.e. poor comprehension of both verbal and nonverbal stimuli in the context of fluent speech and good repetition (Albert, Goodglass, Helms, Rubens, & Alexander, 1981; Berthier, 2000) . This made it possible to test the two patient groups on exactly the same lists for the first time, circumventing the difficulties in interpretation mentioned above.
Participants

Patients
There were five SD patients recruited from St. Martin's Hospital, Bath, UK. At the time of testing, the patients fulfilled all of the published criteria for SD (e.g., Hodges et al., 1992) : they had word-finding difficulties in the context of fluent speech and showed impaired semantic knowledge and single word comprehension; in contrast, phonology, syntax, visual-spatial abilities and day-to-day memory were relatively well preserved. MRI revealed focal atrophy of the inferior temporal lobes in every case (except KI for whom scanning was unavailable). Several years after this study was completed, BS developed a more global dementia that included marked amnesia for recent events. See Jefferies et al. (2005) for further details of these cases.
The SD patients were compared with five TSA patients recruited from stroke clubs and speech and language therapy services in Manchester, UK. Every case had chronic impairment from a CVA at least a year previously. The patients were selected on the basis that they had fluent speech, good word repetition and poor performance on both picture and word tests of semantic association (Camel and Cactus Test, described below). Therefore, their presentation was at least superficially similar to SD. Table 2 shows biographical/neuroimaging details and aphasia classifications from the Boston Diagnostic Aphasia Examination (Goodglass, 1983) . Table 2 Background details for TSA patients Case Age Sex Patients are arranged in order of word recall accuracy. BDAE, Boston Diagnostic Aphasia Examination (Goodglass, 1983) . PALPA, Psycholinguistic Assessments of Language Processing in Aphasia (Kay et al., 1992) . Auditory comprehension percentile is derived from BDAE three subtests: word discrimination, commands and complex ideational material. Fluency percentile is derived from phrase length, melodic line and grammatical form ratings. Repetition percentile is average of word and sentence repetition subtests. BDAE percentile scores from 0-30 were considered ''severely impaired'', 31-59, ''intermediate'' and 60-100, ''good''. TSA (transcortical sensory aphasia) was defined as good or intermediate fluency/repetition and poorer comprehension. An experienced speech and language therapist verified these classifications from the BDAE.
The patients in each group are arranged in order of word recall accuracy in the tables and graphs below.
Control participants
The patients were compared with two groups of healthy controls. (1) Jefferies et al. (2005) previously described the SD patients' performance on some of the tasks used here (recall of phonologically similar/dissimilar letters and words vs. nonwords). For these experiments, there were 10 or 12 controls matched to the SD group for age (late 50s to early 70s) and educational level (left full-time education aged 14-16). The TSA patients had a wider range of ages and educational levels (see Table 2 ). (2) The patients were also tested on an additional task (recall of words varying in frequency and imageability). For this experiment, data was collected from seven healthy controls aged 45-74 who left full-time education by the age of 18.
Background neuropsychological tests
A range of measures were used to examine the patients' semantic and phonological abilities (see Table  3 ). Semantic abilities were assessed using four tests: the Pyramids and Palm Trees (PPT) test of semantic association (Howard & Patterson, 1992) , in which items are presented as pictures and words; picture naming using 64 black-and-white line drawings from the Snodgrass and Vanderwart (1980) set; spoken word to picture matching using the same 64 items, each presented with nine semantically related distractors (Bozeat et al., 2000) ; and a synonym judgement test in which patients were asked to decide which of three written words was most similar in meaning to a target word. All of the SD patients performed below normal levels on each of these tests. The TSA patients were below the level of controls on all tests except for one patient (SC), who was in the normal range for PPT. Both sets of patients had similar levels of semantic impairment: the SD patients scored more poorly than the TSA patients on the word version of the PPT (Mann-Whitney U = 2.0, p < .05) but there were no significant differences on the other tests (all p > .2). Further details about the TSA patients' comprehension impairment are available in .
Four tests assessed phonological skills: minimal pairs discrimination for words and nonwords from the PALPA battery (Kay, Lesser, & Coltheart, 1992 ); a phoneme segmentation task in which patients added or removed single phonemes from presented words/ Patients are arranged in order of word recall accuracy. a Indicates abnormal performance. SD, semantic dementia. TSA, transcortical sensory aphasia. PPT, pyramids and palm trees. NT, not tested. TA, testing abandoned.
b Cut-off for normal participants at two SD below mean. c Controls perform at ceiling on these tests (Bird et al., 2003) . d Includes rhyming nonword responses.
nonwords to produce new items (Patterson & Marcel, 1992 ); a rhyme judgement task which required patients to decide whether two auditorily presented words rhymed (Patterson & Marcel, 1992) ; and a rhyme production task in which patients attempted to produce a word that rhymed with a spoken word (Patterson & Marcel, 1992) . These data have been reported elsewhere for the SD patients (Jefferies et al., 2005) . All of the SD patients performed normally on the minimal pairs task but there was evidence of some mild impairment on the remaining three tests. This might have reflected the impact of their semantic impairment on phonological integrity (Jefferies et al., 2005) . The TSA patients all showed some evidence of phonological weakness: one patient (LS) failed to produce any correct responses during phoneme segmentation and testing on this task was abandoned for another (SC). Testing was also abandoned for SC on the rhyme production task. On the remaining two phonological tests, performance was better but still below the normal range for all patients except ME. However, these impairments might have reflected the underlying deficit of cognitive control seen in TSA, rather than an inability to deal with the phonological demands of the tasks (Jefferies, Crisp, & Lambon . Evidence for this comes from the patients' errors on the production tasks. The two most impaired patients (LS, JM) frequently responded with words that were semantically related to the presented word (e.g., white fi ''brown''). Two other patients (SC, PG) often perseverated on words produced earlier in the test.
SD patients outperformed TSA patients on nonword minimal pair discrimination (Mann-Whitney U = 0, p < .01). The group difference approached significance for real word minimal pairs (Mann-Whitney U = 3.5, p = .056) and rhyme judgment (Mann-Whitney U = 4.0, p = .095). There is evidence therefore that the TSA group performed more poorly on phonological tests than the SD patients, but neither group had substantial phonological deficits.
The forward and backward digit spans of the patients were also assessed using the Wechsler Memory Scale (Wechsler, 1987) . The SD patients all had normal spans, measured both backwards and forwards (see Table 3 ). Two of the five TSA patients had reduced forward digit span (JM, LS) and all had difficulty when repeating digits backwards. However, digit span for our TSA patients was less impaired than for Martin and Saffran's (1997) cases, making it possible to test the TSA and SD groups on the same list lengths.
Phonological similarity
Normal ISR is poorer for similar sounding items compared with phonologically more distinct items. This 'phonological similarity effect' is usually taken as evidence for phonological coding in verbal STM (Baddeley, 1966; Conrad, 1964; Conrad & Hull, 1964) and is reduced/eliminated in patients with impaired retention of phonological information (Martin et al., 1994) . Given that patients with semantic impairment following SD or stroke aphasia are expected to rely on phonological information in STM, effects of phonological similarity in ISR are predicted for both groups.
Methods
The patients and 12 controls recalled lists of phonologically similar and dissimilar letters in serial order. The phonologically similar set contained the letters E, C, T, P, V, B, G, D and the dissimilar set consisted of the letters W, S, Q, Y, R, J, F, L, following Knott et al. (2000) . There were forty lists; half contained four items and half contained six items. The phonologically similar and dissimilar letters were blocked using an ABBA design. Items were read aloud at a rate of one item per second for spoken recall. Two TSA patients, JM and PG, were not tested on the longer list length.
Results
Accuracy Fig. 1 shows the results for this task. The groups were compared using a within-subjects ANOVA, combining data across the two list lengths. The main effects of phonological similarity (F(1, 19) = 59.6, p < .0001) and group (F(2, 19) = 16.0, p < .0001) were significant. Recall accuracy was higher for the SD vs. TSA patients (t(8) = 3.2, 95% CI = 6.6-41.9; p = .01, planned comparison) and did not differ for the SD patients vs. normal controls (t(15) < 1). There was no difference in the size of the phonological similarity effect between the groups (F(2, 19) < 1). Three of the SD patients (SJ, BS, EK) showed a significant recall advantage for phonologically dissimilar letters but two others (KI, JT) did not (see Jefferies et al., 2005) . Similarly, three TSA patients (SC, PG, ME) showed a significant recall advantage for phonologically dissimilar letters (Fisher's exact test: one-tailed p < .02) and two did not (JM, LS). The minimum ISR difference between phonologically dissimilar and similar items was 6% in the controls: one CVA patient (LS) and one SD patient (JT) fell outside this range.
Errors
The poorer recall of the TSA group was largely accounted for by an increase in omissions. While there were no marked differences between the groups in the proportions of order and item errors (i.e. items recalled in the wrong serial position vs. not recalled at all), there were some qualitative differences in the errors seen. Several patients in the TSA group (particularly SC and JM) repeatedly produced familiar letter strings such as ''BBC''; this type of response was never observed in the SD group. One TSA case, LS, also showed frequent perseverations of letters from earlier lists.
Discussion
The SD and TSA groups showed effects of phonological similarity in ISR that did not differ significantly from control performance, suggesting that their recall relied on phonological maintenance in a relatively normal way. Although not every individual case showed significantly poorer recall of phonologically similar letters, the size of this effect was variable for the controls. The frequent perseverations and ''letter completion'' errors (e.g., BBC) for JM and LS in the TSA group may also have masked any potential effect of phonological similarity.
Lexicality
Previous studies have suggested that both SD and stroke aphasic patients with semantic STM impairments show reduced effects of lexicality in ISR (e.g., Jefferies et al., 2005; Martin et al., 1994) . We established if this was equally true of our TSA and SD patients by comparing their word/nonword recall with that of controls.
Methods
The patients and 10 control participants were asked to repeat lists of monosyllabic words and nonwords (taken from Gathercole, Pickering, Hall, & Peaker, 2001) . The patients were presented with two to four items and the controls were additionally tested on fiveitem lists. At each length, there were twenty lists in each condition. The words and nonwords, which were not repeated in the course of the experiment, were blocked using an ABBA design and were presented auditorily at a rate of one item per second for ISR.
Results
Accuracy
In order to compare the size of the lexicality effect across the three groups, we combined data from lengths 2-4 for the patients and 3-5 for the controls; these results are shown in Fig. 2 . Both patient groups showed weaker than normal lexicality effects: there was a significant lexicality by group interaction when the SD patients were compared with controls (F(1, 13) = 46.7, p < .0001) and for the TSA patients vs. controls (F(1, 13) = 14.5, p = .002). The lexicality effect was also smaller for SD vs. TSA patients (F(1, 8) = 5.8, p = .04). As noted by Jefferies et al. (2005) , the SD patients' recall was substantially impaired for words but was normal for nonwords; this was true of all five of the patients in the current sample (individual SD patient data is available in Jefferies et al., 2005) . In contrast, four of the five TSA patients showed impaired recall of both words and nonwords (ME was within the normal range for both materials; see Fig. 2 ) and all five TSA patients showed a significant recall advantage for the words (Fisher's exact one-tailed p < .002).
Errors
Errors were examined by combining lengths 2-4 for the patients and 3-5 for the controls. The majority of errors were phonological for every group, accounting for 48%, 76% and 44% of errors in word recall and 59%, 79% and 65% of errors in nonword recall for the TSA, SD and control groups, respectively. There were also frequent omissions and ''unrelated'' errors which preserved fewer than half of the target phonemes. Order errors were rare, accounting for less than 3% of the errors in all three groups. In nonword ISR, around half of the errors were words for all three groups (combining the phonological and unrelated error categories). In contrast, the controls showed a strong tendency to recall words as real words (lexicality was preserved in 87% of errors). This effect was weaker for the TSA cases (76% of errors were words) and weaker still for the SD patients (61% words). In the word recall task, a smaller proportion of errors were words for both patient groups relative to controls (Fisher's exact two-tailed p < .03). The SD patients also showed a weaker lexical bias than the TSA cases (p < .02).
Discussion
The TSA and SD patients both showed smaller lexicality effects than the controls. This was more marked for the SD group, perhaps because the TSA patients had some additional phonological problems that impaired nonword recall.
Frequency and imageability
SD patients show effects of word frequency/imageability in ISR (Knott et al., 1997 (Knott et al., , 2000 Majerus et al., 2007; McCarthy & Warrington, 2001 ). These effects might be larger than those seen in normal recall because the degradation of concepts in SD is strongly related to frequency (Bozeat et al., 2000; Funnell, 1995) . Accordingly, semantic memory may make a relatively normal contribution to the recall of high frequency words but provide little support for uncommon words . Similarly, highly imageable words may be more robust to semantic degradation than abstract items due to their richer semantic representations, resulting in large imageability effects in ISR through the same mechanism (Jones, 1985; Plaut & Shallice, 1991) . In contrast, semantic impairment in stroke aphasia is thought to reduce the influence of these variables (Martin & Saffran, 1997) , although some TSA cases have shown better recall of high than low frequency words (Berthier, 2001; Martin & Saffran, 1990) . However, little is known about the size of frequency/imageability effects in these patient groups relative to normal controls. We directly compared the impact of these lexical-semantic variables in our two groups of patients and healthy volunteers. 
Methods
This experiment was used to examine (1) the effects of frequency/imageability on ISR; (2) errors at the level of whole items, including the tendency to repeat items out of serial order; (3) phoneme migration errors; and (4) serial position effects (see separate sections below). The patients and seven controls repeated forty lists of five monosyllabic words. The TSA patients were also tested on three-item lists (constructed by deleting two middle items from the longer lists). Frequency was crossed with imageability, with two levels of each variable, and the all of the words in a single list were taken from a single frequency by imageability condition. The characteristics of the words are given in Appendix A. All words had a CVC structure. Lists were presented auditorily at a rate of one word per second in a random order. If participants failed to give the correct number of responses, we positioned omissions in a way that minimised the number of phonological errors in the response. For example, if a participant responded to the list ''kale, zone, rung, dip, verb'' with ''phone, rail, dip'', it was assumed that the first and last words in the list had been omitted from the response. Participants were not asked to say ''pass'' when they omitted an item because this might have interfered with the tendency of phonemes to migrate. This method has been used previously in studies of phoneme migrations in normal ISR .
Results
Accuracy
In the analyses presented below, we scored responses as correct if they were produced in the appropriate serial order relative to other items (regardless of exact serial position). That is, an item was judged to be incorrect if it was produced before an item that preceded it in the original list. This scoring method minimised the effect of intrusions and attempts at self-correction on the number of item order errors and therefore yielded a clearer difference between the groups.
The effect of frequency and imageability on recall accuracy is shown in Fig. 3 . The five-item lists were examined using ANOVA including frequency, imageability and participant group as factors. The analysis was carried out using participants as cases (F 1 ) and treating each list as a separate case (F 2 ). Both analyses revealed significant effects of patient group (F 1 (2, 13) = 31.5, p < .001; F 2 (2, 72) = 278, p < .001). Bonferroni post-hoc tests indicated that the controls performed better than the SD patients (t 1 (10) = 5.45, 95% CI = 22.2-52.8, p < .001; t 2 (39) = 15.3, 95% CI = 33.2-43.4, p < .001), as well as the TSA cases (t 1 (9) = 9.09, 95% CI = 36.2-60.1, p < .001; t 2 (39) = 24.5, 95% CI = 46.7-55.1, p < .001). The TSA patients also performed more poorly than the SD patients, though the difference only reached significance in one analysis (t 1 (7) = 1.35, n.s.; t 2 (39) = 4.94, 95% CI = 7.4-17.7, p < .001).
ISR was more accurate for both high vs. low frequency words (F 1 (1, 13) = 85.3, p < .001; F 2 (1, 36) = 70.0, p < .001) and high vs. low imageability words (F 1 (1, 13) = 10.0, p < .01; F 2 (1, 36) = 8.55, p < .01). There was also a interaction between frequency and group (F 1 (2, 13) = 5.42, p < .02; F 2 (2, 72) = 4.47, p < .02). The effect of frequency was greater in the SD cases than in controls (F 1 (1, 10) = 9.48, p = .012; F 2 (1, 36) = 6.81, p = .013). In addition, the SD patients showed larger effects of frequency than the TSA cases (F 1 (1, 7) = 7.29, p < .03; F 2 (1, 36) = 5.27, p < .03). Frequency effects in TSA did not differ from those in controls (both F < 1), though it should be noted that significant frequency effects were observed in both groups (TSA: t 1 (3) = 3.87, 95% CI = 2.1-21.4, p < .05; t 2 (39) = 4.58, 95% CI = 6.6-16.9, p < .001; Controls: t 1 (6) = 4.21, 95% CI = 4.6-17.2, p < .02; t 2 (39) = 4.70, 95% CI = 6.2-15.6, p < .001). Additionally, the interaction between imageability and group approached significance (F 1 (2, 13) = 3.58, p = .06; F 2 (2, 72) = 2.74, p = .07). SD patients showed a larger advantage for high imageability words than controls (F 1 (1, 10) = 7.93, p = .02; F 2 (1, 36) = 5.15, p = .03). However, the size of the imageability effect in TSA did not differ from the other two groups (all F < 2.3, p > .1).
The TSA patients showed similar results on shorter lists containing only three words (SD patients were not tested on the shorter lists and controls were at ceiling: mean recall accuracy was 95%). The TSA patients showed an effect of frequency (t 1 (3) = 2.99, 95% CI = À.8-27.6, p = .06; t 2 (38) = 3.54, 95% CI = 5.6-20.8, p < .001) but no effect of imageability (t 1 (3) = 1.37, n.s.; t 2 (38) = 1.01, n.s.).
Turning to results for individual cases, all of the patients were impaired on the task with the exception of one SD patient, BS, who performed within the normal range. All of the SD patients showed a significant advantage for high over low frequency words (Fisher's exact one-tailed p < .01), but only two (JT, KI) performed better on high compared with low imageability words (p < .04). Two TSA patients (ME, SC) recalled high frequency words more accurately than low frequency words (Fisher's exact one-tailed p < .02) and one (ME) showed a significant effect of imageability (p < .02). 
Errors
Omissions, intrusion errors and order errors are shown in Table 4 . Intrusions include nonword responses as well as real words that were not present in the target list. Order errors are given as a proportion of the total words correctly produced in any order, as the probability of an item being recalled out of sequence increased as more words were recalled.
Poor performance in the SD group was attributable to a high rate of item intrusions; these responses were usually phonologically related to the target and in many cases represented the ''phoneme migration'' effect characteristic of recall in this patient group (see following section). The TSA patients also tended to make phonological errors on the three-word lists, and two patients (ME, LS) continued to make these errors on the longer lists. However, on five-item lists, omissions and order errors became more prominent features of recall in TSA. Whole items were produced out of sequence above control levels by ME, LS and PG (although not by SC because he frequently omitted items). As a group, the TSA patients were more likely than the SD cases to omit words (t 1 (7) = 2.96, 95% CI = À.02-.32, p = .06; t 2 (39) = 23.5, 95% CI = .30-.36, p < .001) and to recall words out of serial order (t 1 (7) = 2.13, 95% CI = .07-.59, p = .07; t 2 (39) = 7.05, 95% CI = .12-.22, p < .001). Conversely, the SD patients made more intrusion errors than the TSA patients on the five-item lists (t 1 (7) = 2.19, 95% CI = À.02-.58, p = .06; t 2 (39) = 9.56, 95% CI = .22-.34, p < .001).
The TSA patients' order errors followed a particular pattern: the last word in the target list was often produced at the beginning of the response. This error was particularly prominent for LS (affecting 90% of trials) and PG (48% of trials). In addition, these two patients recalled the fourth word from the list second on 33% and 23% of trials, respectively. Even on trials where terminal items were not recalled accurately, the responses made first and second by LS and PG were often phonemic paraphasias of the fifth and fourth target items. To some extent, SC also showed a similar pattern: he did not make order errors perhaps because of his frequent omissions but he still had better recall of the final list items and he produced these first on 10% of trials (see below). As a group, the final word presented was recalled first by TSA cases on 37% of trials. SD patients and controls did not show these tendencies.
Discussion
The SD patients showed larger frequency and imageability effects than controls in ISR. Frequency also had a larger effect in SD than in TSA. The TSA patients did show some effect of frequency but no advantage for highly imageable items, mirroring the pattern for controls.
3
The two groups also made different types of errors. The TSA patients often omitted words and showed a marked tendency toward repeating words out of serial order-in particular, the final list items were frequently produced first. This pattern has been observed previously for semantically impaired stroke aphasics and has been taken as evidence of pathologically rapid decay of lexical or semantic representations (Martin & Ayala, 2004; Martin & Lesch, 1996; Martin & Saffran, 1990) . Conversely, the errors made by the SD cases usually involved the production of phonologically related words or nonwords. This suggests disruption to the representations of individual words, rather than the processes that sequence whole words within a list. 
Phoneme migrations
Previous research has demonstrated that SD patients frequently make phoneme migrations or 'blend' errors in ISR, in which the constituent phonemes of a list are recombined to form new words or nonwords in recall (e.g., Patterson et al., 1994) . This behaviour suggests that degradation of semantic knowledge results in a loss of phonological coherence in STM. TSA patients with poor semantic control might not show this pattern if their semantic representations are largely intact. Although phoneme migrations have been reported in one previous case of TSA (Martin & Saffran, 1990) , this is the first direct comparison of the prevalence of these errors in SD and TSA.
Methods
The responses made in the five-word ISR task were analysed at the level of individual phonemes. Phonemes were not repeated within each presented list, so we were able to trace all phoneme migration errors. A reported phoneme was classed as a phoneme migration error if it was produced in a different serial position to the one it occupied in the original list. Usually, this phoneme movement resulted in a new combination of phonemes from different words to form an intrusion error (e.g. cat, dog fi bat, cog).
4 However, there were some cases in which an entire word moved to a different position in the list (e.g. cat, dog fi dog, cat). The phonemes in these words were not considered to have migrated, as the phonology of the words remained intact.
Results
Rates of phoneme migrations for each patient are given in Fig. 4 . When the three groups were compared, there was a significant group difference (F 1 (2, 13) = 9.14, p < .005; F 2 (2, 72) = 70.2, p < .001). Bonferroni post-hoc tests confirmed that both patient groups made more phoneme migrations than controls (SD vs. control: t 1 (10) = 4.20, 95% CI = 10.3-33.5, p < .01; t 2 (39) = 12.4, 95% CI = 18.4-25.6, p < .001; TSA vs. control: t 1 (9) = 3.58, 95% CI = 3.6-13.0, p < .05; t 2 (39) = 10.1, 95% CI = 12.2-18.3, p < .001). The migration rate was also higher in SD compared to TSA when examined by items (t 1 (7) = 1.12, n.s.; t 2 (39) = 2.85, 95% CI = 2.0-11.6, p < .05). This effect may not have reached significance by subjects because of the small number of patients in each group.
Phoneme migrations occurred more often on low than high frequency lists (F 1 (1, 13) = 37.7, p < .001; F 2 (1, 36) = 29.9, p < .001). Frequency had a bigger effect on the rate of phoneme migrations for the SD patients than the controls (F 1 (1, 10) = 6.77, p < .05; F 2 (1, 36) = 6.72, p < .02), though neither group differed from the TSA cases (all F < 2.1, p > .2). Imageability did not affect the overall rate of phoneme migrations (F 1 (1, 13) = 2.24, p > .1; F 2 (1, 36) = 1.64, p > .2) and this variable did not interact with group (both F < 1).
Discussion
For the SD patients, phonemes from different words frequently recombined in ISR to form incorrect words and neologisms. This finding is predicted by the ''semantic binding'' hypothesis, which states that the phonological coherence of words is undermined by semantic degradation (Patterson et al., 1994) . Although the TSA patients also made a number of these errors, they were less common than in SD. As seen in the previous section, far more of the TSA patients' errors involved misordering words or failing to respond at all. Phoneme migrations were also more likely to occur for low frequency 4 This analysis examined the source of phonemes that were produced by the patients. Phonemes that moved to the wrong serial position and recombined with the elements of other list items were treated as migrations even if the phoneme was also produced in the correct serial position (e.g., cat, dog fi cat, cog). words, particularly in the SD group. This reinforces the notion that the semantic representations of low frequency words provide weaker constraints on phonology, particularly in SD where low frequency concepts are susceptible to degradation (Bozeat et al., 2000) .
Serial position effects
Previous studies have suggested that SD and semantically impaired stroke aphasic patients show rather different serial position curves in ISR. SD cases typically show large primacy effects for both known and degraded words (Jefferies, Jones et al., 2004; Knott et al., 1997) . Semantic deficits in stroke aphasia, on the other hand, are associated with robust recency effects and a reduction in primacy (Martin, Ayala, & Saffran, 2002; Martin & Saffran, 1997) . However, due to the lack of direct comparisons between the two groups, methodological differences may account for these contrasting findings. Here, we examined serial position effects for the SD and TSA cases using the same three-, four-and five-word lists.
Methods
Serial position effects were examined using the word recall data presented above. The impact of increasing list length was examined for the SD and TSA groups using the three-and four-item lists from the lexicality experiment and the five-item lists from the frequency by imageability experiment, as both groups completed these experiments. The effect of list length on individual TSA patients was also examined using lists exclusively from the frequency by imageability experiment. This ensured that differences between three/four and five-item lists did not result from the use of different items at these list lengths in the previous analysis. The SD patients were not tested on threeitem lists in the frequency by imageability experiment, but unlike the TSA patients, they did not show any changes in the serial position curve with list length. To simplify comparisons across list lengths, scores from the middle serial positions were collapsed for lists of four and five items in statistical analyses. In order to give an accurate representation of the TSA patients' recall, items were scored as correct regardless of the order they were produced.
Results
Serial position curves for each group are shown in Fig. 5 . Accuracy on initial and final words was compared with middle words using v 2 tests; these results are provided in Table 5 . The SD patients and controls showed a significant primacy effect on lists of four and five items but the recency effect was not significant for either group. The TSA group displayed a flat serial position curve on four-item lists, but exhibited a sizeable recency effect for the five-item lists. This difference in serial position curves on the five item lists was supported by a 3 (patient group) · 5 (serial position) ANOVA: the effect of serial position differed significantly between SD and TSA (F(4, 28) = 7.30, p < .001) and between controls and TSA (F(4, 36) = 6.78, p < .001), but there was no difference in the effect between SD patients and controls (F < 1).
The recency effect in the TSA group became much smaller if items were only counted as correct when recalled in serial order (see Fig. 5d ), suggesting that the TSA patients' tendency to recall the final list items first gave rise to this effect. In contrast, the serial position curves for the SD patients and controls were relatively unaffected by this methodological modification. Fig. 6 shows the serial position data for each TSA patient on the frequency by imageability lists containing three and five words. LS and PG in particular showed better recall of the initial list items on shorter lists but recency effects for the longer lists. On these longer lists, their ability to recall the items in serial order broke down and they showed a strong tendency to produce the terminal list item first.
Discussion
The serial position curves of the two groups of patients were similar for three-and four-item lists, but diverged when lists of five words were considered. The curves of the SD cases were parallel to those of controls at all list lengths: they showed a marked primacy effect on the longer lists but no advantage for recent items. Conversely, the TSA patients showed a large recency effect in the recall of five-item lists, with no primacy effect. These findings are consistent with previous studies that found robust primacy effects in SD and a reduction in primacy effects following semantic impairment in stroke aphasia. However, the recency effect in our TSA group was especially strong when the order in which items were produced was disregarded. This suggests that the advantage for recent items resulted from the patients' tendency to initiate recall with the terminal list item.
General discussion
This study directly compared the effect of semantic impairment on verbal STM in patients with semantic dementia (SD) and a particular type of stroke aphasia, transcortical sensory aphasia (TSA). Both groups had poor comprehension despite fluent speech and good repetition allowing them to be tested on exactly the same lists. The effect of semantic impairment on ISR has been studied in SD and stroke aphasia previously but investigations of these two groups have given rise to distinct theories about the way in which long-term linguistic knowledge contributes to verbal STM (e.g., the IA model of Martin & Saffran, 1997 ; and the semantic binding hypothesis of Patterson et al., 1994) . When the results of these earlier studies are put side by side, it appears that semantic deficits in SD and stroke aphasia might have different consequences for ISR, although differences in methodology, specifically the list lengths used, might also explain these discrepancies. The present research demonstrates that there are genuine differences between SD and TSA patients which are not accommodated by current neuropsychological models of STM. We propose that while the STM impairment in SD reflects a loss of semantic knowledge, the deficit in TSA follows damage to executive control processes that help to direct activation towards task-relevant semantic and linguistic representations, and away from their competitors. We also looked at the extent to which ISR was reliably impaired in TSA. Theoretical frameworks such as the IA model (Martin & Saffran, 1997) suggest that semantic impairment should affect verbal STM in much the same way in different aphasic individuals. However, we found that there was considerable variation within the TSA group. These findings can be interpreted within a theoretical framework that incorporates information about lesion location.
Summary of results
Both the SD and TSA patients showed preserved effects of phonological similarity but reduced effects of lexicality in ISR, in line with their similar neuropsychological profiles. The phonological similarity effect has long been associated with phonological coding and rehearsal processes in verbal STM (Conrad, 1964; Conrad & Hull, 1964) , suggesting that both patient groups utilised a phonological code in ISR in a relatively normal way. In contrast, the lexicality effect is thought to reflect the normal contribution of lexical and semantic knowledge to verbal STM (e.g. Hulme et al., 1991) . Both patient groups showed a reduced advantage for word over nonword recall suggesting that their semantic deficits disrupted their ability to use word knowledge to support ISR. This deficit was more pronounced for the SD group.
There were four important differences between the patient groups: (1) The SD patients made a large number of phoneme migration errors, in which phonemes from different list items recombined in recall to form new words or neologisms. Phoneme migrations were less common for the TSA group, although they did occur at a higher rate than in controls. (2) The SD patients showed exaggerated effects of both word frequency and imageability in ISR, whereas the TSA patients resembled controls. (3) The SD patients showed normal serial position effects; they showed better recall of the initial items in the lists. In contrast, the TSA patients were substantially more likely to recall the final list items, especially for longer lists (although this effect was especially strong for LS and PG). (4) On longer lists, the TSA patients also showed a tendency to recall whole items out of serial order although they were able to repeat items in the correct order at shorter list lengths. The pattern of strong recency coupled with extremely poor recall of initial list items apparently emerged because the TSA patients often reported the final list items first, following this with words from earlier in the list (again, this tendency was strongest for LS and PG). Several of these findings-for example, the differences in frequency/imageability and serial position effects-replicate those observed in earlier studies (see Table 1 ). Despite these findings of significant group differences between the SD and TSA patients, there was also considerable variation within the TSA group. ME and SC were more SD-like than the other TSA patients. They showed significant frequency effects in ISR and ME also showed a significant effect of imageability. In addition, these two patients did not show such a pronounced tendency to reproduce the final list item first. These differences (a) between patients with SD and TSA and (b) within the TSA group might be explicable in terms of the specific contributions of different cortical regions to semantic memory and STM.
Theoretical framework
We propose that the verbal STM impairment in SD and TSA mirrors the nature of the semantic deficit in these conditions. Comprehension problems in SD and TSA are associated with diverse areas of brain damage: SD patients have focal atrophy of the inferior, anterior temporal lobes bilaterally (Mummery et al., 2000; Nestor et al., 2006) , while TSA results from lesions to either temporoparietal or prefrontal regions in the left hemisphere (e.g., Berthier, 2001) . As noted in the Introduction, a recent study that included the five TSA patients examined here suggested that the nature of the semantic impairment was qualitatively different in SD and stroke aphasia . The SD patients showed evidence of degraded semantic representations (in line with the view that the anterior temporal lobes form a store of amodal semantic knowledge; Rogers et al., 2004) . The semantic aphasia patients, on the other hand, showed deregulated semantic cognition: they appeared to retain semantic knowledge that they were unable to use appropriately in particular tasks, suggesting that they had difficulty shaping their semantic processing to make it appropriate for the context. This difference in the nature of the semantic deficit in SD and TSA can explain the pattern of verbal STM impairment in both groups. SD patients make more phoneme migration errors than TSA patients because semantic knowledge stored in the anterior temporal lobes becomes degraded in SD but not TSA. This disrupts the coherence of word forms in ISR. According to the ''semantic binding'' hypothesis, there are strong bi-directional connections between semantics and phonology that arise because representations pertaining to the same concept are activated together during language production/comprehension (Patterson et al., 1994) . As a result, activation within the semantic system encourages the segments of words to be recalled together as a coherent item. The semantic representations that give rise to this constraint are eroded in SD, allowing the phonological elements of different words to become mixed up in ISR tasks. In contrast, the store of semantic information is relatively intact in TSA, and so the phonological system is still able to settle on coherent lexical attractors. However, poor semantic control in TSA may disrupt the semantic contribution to ISR to some extent because two of the TSA patients did produce more phoneme migrations than the controls and the group as a whole showed some reduction in the size of the lexicality effect.
Similarly, frequency and imageability effects in ISR may be exaggerated in patients with SD but not TSA because SD produces damage to semantic representations that is graded by frequency/imageability, whereas TSA does not. Less frequent/familiar concepts may be more susceptible to degradation in SD because they form weaker representations in the semantic system to begin with and/ or because they are encountered less often during the course of this progressive disease (Lambon Ralph, Graham, Ellis, & Hodges, 1998; Rogers et al., 2004) . Similarly, highly imageable words/concepts are thought to possess more semantic features (Plaut & Shallice, 1991) , which may make these representations more resistant to damage. Consequently, ISR will be relatively normal for more frequent/imageable words which are understood comparatively well by SD patients, whereas infrequent/abstract words will receive inadequate support from the semantic system and be recalled poorly in this patient group.
Features of the verbal STM impairment that are specific to TSA-such as poor recall of the initial list items, strong recency effects and a tendency to produce items out of serial order-might reflect difficulty in managing competing representations within the list of items to be recalled (Jefferies et al., 2007) . In ISR, recently presented items are likely to be more active than items from the beginning of lists because there has been less time for these items to decay, and yet the task requires items to be recalled in serial order. An inability to resolve competition between activated representations in line with the task demands could therefore lead to the misordering of items, with the most recently presented words being selected for recall first. This deficit would produce strong recency effects (at least when order information is discarded) and poor recall of the primacy portion of the serial posi-tion curve, in line with our findings for TSA. We did not observe this pattern for shorter lists of items, perhaps because the phonology of the initial items was less substantially decayed and thus less vulnerable to competition from the final list items. A similar hypothesis was proposed by Martin and Lesch (1996) : they described an aphasic patient with a semantic STM deficit who showed a tendency to recall the final list items first and suggested that this might result from excessive interference between items, in line with the view that poor inhibition lies at the heart of this disorder (Hamilton & Martin, 2005 ). In contrast, patients with SD do not have poor executive control over semantic/linguistic activation, and thus are able to direct their recall efforts appropriately towards phonological segments presented at the beginnings of lists.
Explaining individual variation within TSA
Although all of the TSA patients in the current study showed evidence of deregulated semantic cognition, this was true to varying degrees. We reanalysed the data from Jefferies and Lambon and Jefferies et al. (2007) to explore individual differences in the nature of the semantic impairment in TSA. Two patients, ME and SC, who were more SD-like in their ISR performance, were also more similar to the SD patients in some aspects of their semantic impairment.
(1) Jefferies and Lambon found that although SD patients showed substantial consistency between different semantic tasks that utilised the same concepts, comprehension-impaired stroke aphasic patients did not. Turning to the TSA patients in the current study, ME/SC showed occasional consistency across different types of semantic tasks whereas PG/LS did not. Data were available for the following tasks that utilised the same set of 64 items: the Camel and Cactus Test of semantic association, presented as either pictures (CCTp) or words (CCTw), word-picture matching (WPM), and sorting picture cards according to semantic category (Sort). Five contingency coefficients were calculated (i.e., consistency between CCTp-WPM; CCTp-Sort; CCTw-WPM; CCTw-Sort; WPM-Sort). ME showed a significant degree of consistency between CCTp and the sorting task (C = .24, p = .05) although not between the other tasks. SC showed significant consistency between CCTw and sorting (C = .39, p = .0008) and the level of consistency between CCTp and sorting approached significance (C = .20, p = .1). In contrast, PG and LS did not show any evidence of consistency in any of these analyses.
(2) Comprehension in SD patients is highly sensitive to frequency/familiarity, whereas stroke aphasic patients with multimodal semantic impairment show little effect of these variables (Jefferies et al., submit- ted for publication-a; . ME/SC showed occasional effects of word/ concept frequency in semantic tasks whereas PG/LS did not. We used a median-split method to examine the influence of familiarity/frequency in the five tasks described above (from . We also examined the effect of word frequency in a synonym judgement task (Jefferies et al. (submit- ted for publication-a)). SC was significantly affected by frequency in word-picture matching (Fisher exact one-tailed p = .05). ME showed a frequency effect that approached significance in synonym judgement (Fisher exact one-tailed p = .05). The other patients did not show any tendency towards better performance for high frequency/familiarity items. (3) SD patients do not show refractory effects in comprehension tasks (i.e. poorer performance when semantically related items are presented repeatedly at a fast rate) whereas stroke aphasic patients with comprehension impairment often do (Jefferies et al., 2007; Warrington & Cipolotti, 1996) . Jefferies et al. (2007) suggested that this might be a consequence of poor semantic control. SC/ME, unlike the other TSA patients in this study, did not show refractory effects on word-picture matching accuracy. However, these two patients did show some sensitivity to refractory effects overall (for ME, in the speed of word-picture matching and for SC in naming accuracy).
These differences between ME/SC and the other TSA patients were relatively subtle: the nature of the semantic impairment for all of the TSA patients was strikingly different from that seen in SD. For example, ME and SC were highly sensitive to phonemic cues in picture naming, as were the other TSA patients. In contrast, the SD patients were largely insensitive to such cues (Jefferies, Patterson, & Lambon Ralph, submitted for publication-b) . Similarly, in the present study, we observed clear and significant differences between SD and TSA in verbal STM tasks as well as some variation within the TSA group. The TSA patients with the most marked deficits of semantic control also showed certain features of the ISR impairment to a greater extent -in particular, a tendency to reproduce the final list item first, resulting in frequent serial order errors and strong recency effects. This variation might be explicable in terms of the location of the TSA patients' lesions (see below).
Overlap with other proposals
The IA framework put forward by Martin and Saffran (1997) cannot explain the TSA patients' tendency to recall items out of serial order because, as a model of single word production, it lacks a mechanism for representing serial order in lists. In implemented models of STM, this sequencing function is often achieved through the formation of associations between list items and a temporal context signal (Brown, Preece, & Hulme, 2000; Burgess & Hitch, 1992 Gupta & MacWhinney, 1997; Hartley & Houghton, 1996; Henson, 1998) . During list recall, activation within the context units is replayed, allowing the words to be recalled in the correct order. Models of this nature typically work as follows: when list recall is initiated, the first item receives the most activation from the context units, combating the natural decay processes that would otherwise leave the most recently presented item with the highest activation. The strongly activated initial item is selected for production and then inhibited. Following its inhibition, the second item is the most active so is selected for production and recall continues in this way. Failure to apply this mechanism might result in the listorder reversal observed in our TSA patients because in the absence of a context signal, the most active item is likely to be the last to be presented.
This mechanism can underpin memory for serial order but does not motivate a link between STM and cognitive control more generally. This is required for a parsimonious account of our TSA patients' performance because their deficits in both semantic tasks and ISR appeared to be linked to their executive dysfunction. An alternative perspective is that memory for serial order is partly underpinned by a more general cognitive control system that can direct attention to task-relevant representations (see Hazy, Frank, & O'Reilly, 2006; O'Reilly, Braver, & Cohen, 1999; O'Reilly & Soto, 2002) . Although in most speech production tasks, the most active phonological representations are selected for output, the relevance of representations in ISR is dependent on the order in which the items were presented. Executive control might play a role in overcoming the well-established tendency to select the most active item for output. This is likely to be especially true for arbitrary sequences of unrelated items. 5 Martin and Gupta (2004) also suggested that ISR differences between semantically impaired SD and stroke aphasic patients might reflect the nature of the semantic impairment in the two groups. However, they modelled stroke aphasia as rapid decay within semantic-lexical connections and contrasted this with degradation of semantic representations in SD. This might account for the different serial position effects seen in the two groups previously. Although SD patients have impoverished semantic knowledge, some semantic representations will remain intact and will feed activation back to the phonological layer in a normal fashion, benefiting the recall of early list items according to the IA model. In stroke aphasia, in contrast, pathological decay between the lexical and semantic layers will make these patients more reliant on recent phonological activation. This cannot provide an explanation of our data, however, as the TSA group showed parallel deficits on verbal and nonverbal semantic tasks. We suggest instead that a single difficulty managing competition between activated representations could explain these patients' poor ISR and difficulties on both verbal and non-verbal semantic tasks. Moreover, the rapid decay of target activation highlighted by Martin and Gupta (2004) could be another consequence of poor cognitive control in TSA because a failure to direct attention towards targets and away from competitors would result in the target response becoming rapidly unavailable.
Neuroanatomy
The TSA patients in the present study had damage to prefrontal and/or temporoparietal regions of the left hemisphere (contrasting with the anterior temporal lobe atrophy seen in SD). Previous studies have shown that TSA patients with these two types of lesions show very similar behavioural deficits (Berthier, 2001 ). The prefrontal cortex and temporoparietal junction are thought to form a single distributed system underpinning cognitive control, explaining why patients with lesions that encompass these two regions show similar behavioural deficits (see Peers et al., 2005) . Prefrontal and temporoparietal cortex show coupled activation during the performance of attentional/executive tasks and are sensitive to manipulations of the executive component of working memory (Collette et al., 2006; Collette et al., 2005 Collette et al., , 2002 Crosson et al., 1999; Garavan, Ross, Li, & Stein, 2000) .
However, the present study suggests that there might be some specialisation in this prefrontal-temporoparietal network. The two patients who consistently reversed item order in recall (LS and PG) had lesions that included the left inferior prefrontal cortex, while damage was restricted to left temporoparietal areas in the two patients who did not (SC and ME). Similarly, a previously reported stroke aphasic case who initiated recall with terminal list items had prefrontal damage (Martin & Lesch, 1996) . The left prefrontal cortex may therefore play a particularly critical role in overcoming the proponent tendency to select the most highly activated items for output. Previous work has highlighted the role of this region in selecting between competing responses, in line with this conclusion (Hamilton & Martin, 2005; Robinson, Shallice, & Cipolotti, 2005; Schnur, Schwartz, Brecher, & Hodgson, 2006; Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997; Thompson-Schill et al., 1998; Wagner, Pare-Blagoev, Clark, & Poldrack, 2001 ).
Conclusions
We have demonstrated qualitative differences in the impact of semantic impairment on ISR in semantic dementia and transcortical sensory aphasia. Our SD cases showed abnormally large effects of frequency/imageability and made numerous phoneme migration errors in ISR, reflecting their degraded knowledge of lower frequency items. Patients with TSA, on the other hand, displayed normal effects of lexical-semantic variables in ISR and showed large recency effects on longer lists, partly due to a tendency to reverse list order in recall. The TSA patients' difficulties appeared to stem from an inability to resolve competition between lexical-semantic representations, in line with their poor semantic control on other tasks that did not tap short-term memory.
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